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where h=lpt-X3• Muskat andPolubarinova-Kochina havederived the solution, which
canbe found .In anybasic textonground waterflow.The outer circle is the
"radiuS of influence lt of thewell. This conceptisnotwell difined, .sincethe
11)
piezometric head .varles logarithmically withtheradius. However,Muskat ob-
served that any reasonable assumption for the"radiusof influence tt'glves suf-






























Muskat distributedsinksalongthe well axisandadjustedtheirintensity to
approximatetheboundarycondition of constantpotentialalongthewell bore.
A theoreticalsolutionforthecase of afinitewellradiuswasproposed by
13)






























































(4) 'Steady-state,unconfinedflowin anaquiferoffinitethickness; partially
penetratingwell(Fig.1.4)
Dupuittheorycannotbeapplied tothiscasebecausethevertical velo-
city nearthebottomofthewellisnot negligible.Thefinitedifference tech-
17)
.mques,similaronebyBoultonwasalso employedbyBorelifortheflow toa18)
partially ,penetratingwell.Taylorand Brownobtainednumericalsolutions from
19)
afinite elementanalysis.Daganused matchedasymptoticexpansionsto derive
an analyticalsolution.Thewellwas modeledbyalinesinkofuniform strength,
and thesurfaceofseepagewasneglected. Aninnerexpansion,validfor dis-
tances .farfromawellbore,wasobtained bythemethodofmatchedasymptotic ex-
.panslons. Thezerothordertermofthe outersolutionistheDupuit solution
fora totallypenetratingwell.This techniquegivesanapproximate analytical
solution totheproblemplusinsight intothevalidityoftheDupuit solution
-10 -
10)














(5) Steady-state}partallypenetrating wellinaninfinitelythick aquifer
with animpermeabieroof(Fig.1.5)
20)
Anapproximatesolutionwas first presentedbyHarr.Thewellwas re-
presentedbyaline-sinkofconstant intensityperunitlength,andthe we11
12)
wall becameanellipsoidofconstant potential.Polubarinova-Kochina gavethe
same solutipnandshowedthatitwas validforfree-surfaceflowwith thelinea-




.Mathemetically,thelinearized ' free-surfaceboundarycondition saysthat




















' Theintroductionoftimecomplicates themathematicalsolution consider-
ably. Hereoneisconcernedwith time-dependent,radialflow.Theaquifer con--
sidered isinfiniteinlateralextent . Thedifferentialequation,which .m-
21)
cludes waterandaquifercompressibility effects,waslucidlyderivedby Nornitsu
inthe formasfollow
laa.(rg:)-\ge (1.4)

















Fig.1.6 Totally .penetratlng well
dependence hasbeen integrated outof the .equatlon .
Theis,known asthe fatherof unsteady we11 solutions,gave the first,
widely popularized, unsteady solution . His"well function"solution to theabove
equation hasbeen extensively tabulated . The differentialequation strictly
describes aconfined, .arteslan aquifer ' butTheis' solutionhasalso beenused
asan
.approxlrnate solution forfree-surface flow withalinearized, free-surface
boundary condition.
22)
Jacoband Lohmansolved thecase of the time-varyingdischarge undercon-
23)
ditions ofconstant headand compared theirresults withfieldtests . Hantush
24)'
dealtwith we11s insandsof non-uniform thickness. Boultonintroduced elastic
and delayed-yield effectsto theTheis modelby addingatime-dependent integrai




































































networkanalog. Thissolutionis particularlyusefulforshorttimes afterthe
40)
startofconstant-head welldrawdowntest .TaylorandLuthinhavetreated a
finite-radiuswell withasurfaceof seepageandpartiallysaturated flowabove
41)
thefree-surface usingafinite--difference method.Boultonanalyzed somedraw-
downtestsfor totallypenetratingwells inanunconfinedaquifer.He teokinto
accounttheslow yieldofwaterfrom abovethefreesurfaceasitfalls










Theexplosive developmentofthe numericalapproachinrecenttimes has
beenmainlydue totherapidevolution ofhighspeeddigitalcomputers inthe
































































































































































































































































58) Freeze,R.A.:Three-dimensional,transient ,saturated-unsaturatedflow .ma
groundwaterbasin,WaterReso.Res.,Vol .7,No.2,1971,pp.347--365.
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Fig.2.3 Fluxes crossingboundarysurfaceef an arbitrary
.
subregion oftheflowregion
nora massdeficiency ,isthe phenornenonof$teadystateflow .Since
'masscan
neither becreatednor destroyed, themassconditionhasto be adsorbedintoor
released fromthe particularsmall partoftheflowregion under consideration.
The equationof continuity,then, isastatement,equating the summationof
therates atwhich massentersor leavesthecontrolvolume ofthe flowregion
andthe rateatwhich .massls absorbedbythesubregion. According toSokolnikoff
21)








































































zonemust be distinguished fromthemovementofwater insaturated zone,it
isquite inconvenientto solvetheproblemsuchas advancementof wetting
frontin the saturated-unsaturated sdilmedia. AlthoughEq.(2.24) hasbeen
22)23)24)
used .qulte ofteninthe flowanalysis,solutionsare obtainedonly inthe
problems for unsaturated zone.
Meanwhile,itisknown thatthevolumetric .molsturecontent eisex-
pressed as
e=nsW (2.26)
wheren is theporosityof thedegreeof .saturatlon.
Choosing thas onlyone dependentvariableandapplying thechain ruleof
-41-
differentiation tothetime derivativeontherighthandsideofEq.(2. 23),
Eq.(2.23)canbe transformedto thefollowingequation.




Thetwotermson therighthand sideofEq.(2.27)denotetwodistinct physi-
25)
calphenomena.The firstterm representsthedeformabilityofthesoil
skeletonwhichis anologousto thecosolidationproblemexpressedby Biot's
26)
equation.This termisusually ignoredintheproblemsofflowthrough porous
mediabyassumingthattheporous mediaisrigid.Hereweconsiderthat the
soilmediumis slightlycompressible andalsoincludesthelastterm which
representsthe desaturationof thepores,thatis,thecapacityofthe soil
toabsorborrelease .mo1sture duetosaturationchanges.
Assumingthat theporosity ndoesnotchangeduetothevariation of
pressuretpin unsaturatedzone, Eq.(2.27)rnayberesucedto:





whereSdenotess thespeeific storage(definedaSthevolumeofwater instantane-
ouslyreleased frornstorageper unitbulkvolumeofsaturatedsoilwhen this








































































































Inadditiontothemovement offluidthat iscausedbytheinitial and
boundaryconditions,fluidmaybe arbitrarily extractedfromoraddedto the
'flowregionatoneormorelocations
.Suchlocations ,usuallyofvery small
orinfinitesimalspatialextentare calledsinks orsources.Sourcesand sinks









































































































































































































































































tensor atthefullysaturatedcondition ' K.(V)is
afunctionofpressureheadtpor a functionofvolumetricmoisture content e
andOfKrEl•Insaturatedregion, Kr becomes1.
























Fig.3.3 Two-dimensional triangular elements














NNe(LV)n (3 22)Qn=-ZV ndO="'Zct2 .
s





.The subscripts ns p,q
refertothe threecornersofeachtriangleasshown inFig.3.2, Ais the area
ofthetriangle, ct=1forplaneflow,Rristheaverage relative conductivity
givenby'Kr= (Kr+Kr+Kr)13.Theterm(Lv)represents theflow rate across any
sideofthe triangle,oflengthL,whichincludesnodal pointn, vis assumed
tobeuniform alongL.
3.2.3 !ntegrationovertime





















































































































e , sl AquifertAl H
e
'







Fig.3.4 Flow through an unconfinedaquifertoa
well with storage
Thephysical situation .IS one of three-dimensionalflowwith axialsymme-
.try.Thus,cylindrical
coordinates arethe naturalselection.The mediumwillbe
devidedintoconcentric 'rmgs of constant triangularcross-section intheaxi-
symmetriccase(Fig.3.5 ). In this case) thesolutionwillbea functionof
onlytwospacecoordinates, r and z. Asshown inFig.3.5,A' representsthe
cross-sectionofan axisymmetric annular elementofvolumeV, then,thefunc-
tionsNnforanygiven element remain independentoftheposition ofthiseleT
ment.Theintegralof NNm
n over




[ N NnmdA ]ide= 2riNNdAnm (3.29)
v o A A
- 64-
z.








Fig.3.5 Axisymmetric element with constant
triangular .cross-sectlon .









NNdV= (3.31)nmv (2Tr)2•12 if n=m
then,the finiteelement analysisfor axisymmetric flowis simp1y formulated by
usingthe factorct=2Tf .In Eqs.(3.20),(3 .21),(3.22) and(3 .23) .
3.3.2 Axisymmetric flow toawell
Whena, wellhas been completedin anunconfined aquifer and discharges at
arateQ ,flowinto thewellboreis notuniform along its length. Asshown
- 65-
I
inFig.3.6,the boundaries along thewellboreconsistofanuppersegment(r2)
acrosswhichnowater can flow intothewellduetotheunsaturatedstateofthe
porousmedium,aseepageface (s) ,andaboundary(ri)wherethetotalheadat
anyinstantoftime' IS uniform andequaltotheelevationofthewaterlevel,
L(t).Thetotaldischarge from














Ifoneassumes that L, Q,p andQAvarylinearlyduringeachtimestep,then
amaterialbalance calculation forthewellleadsto
AL= AtT(r2-r2)Wt ( Qli+i/2.Qli+i12)(3.32)
whereAListhechange .m the heightofthewaterlevelinthewellduringAt,
ristheeffective radius of the well,andristheoutsideradiusofthepro-W t
ductionpipe.







































































1 (1/8)RST(1/8)ST (1/8)RT (1/8)ms
Nt
2 (1/8)-RST--(1/8)ST (1/8)"R'T (118)-ms
Nt
3 (1/8)RST-(1/8)ST -(1/8)'R'T (1/8)- ms'
Na (1/8)RST(1/8)ST -(1/8)RT (1/8)-ms'
Nt
5 (1/8)RsT(1/8)S-T (118)ReT -(i18)RS
N'
6 (1/8)'RS'i-(118)S'T- (1/s)R'T- -(1/8)iis
N'



















































Toevaluate this matrices it mustbe noted that two transformationsare
necessary.In the first place asN .In termsof loeal (carvilinear)
co-ordinates itis necessary todevise some meansof expressmg. theglobalderiv-
ativesofthe type occurrmg. inEq. (3.36)in terms oflocal derivatives.
Inthe second
.
place the element ofvolume (or surface) over whichtheinte-
grationhasto be carried out needs tobe expressed .mterms of thelocalco-or--
dinateswith an .approprlate change oflimits of integration t
Consider for •lnstance theset oflocal co-ordinates r acorresponding
setofglobal co-ordinatesx i •By theusual rulesof partia1 differentiationone










Performing the same di fferentiation with respect to theother twoco-ordi-
natesand writingin matrix form onehas
.
aNi ax1 ax2 ax3 aN.1 aN.1














aN.1 ax1 ax2 ax3 aN.1 aN.1
ar3 ar3 ,ar3 ,ar3 ax3 ax3
Zntheabove, the matrix [J] .IS knownasthe Jacobian matrix .
































an= a12= a13=J32J33 J31J33 J31J32
J12J13 JnJi3 JnJ!2
a21= a22= a23=J32J33 J31J33 J31J32.
J12J13 JnJi3 JnJi2
a31= a32= a33=J22J23 J21J23 J21J22
---p 72-
'






ByusingEqs. (3.39) and(3.44) 'it 'IS possible todevise somemeansofexpress-





Interporating Eq.(3.45) into Eq.(3.36) ,the integrand inEnm canbeexpressed
intermsof local co-ordinate .
3.4.2Numerical integration byGauss quadrature
The transformation ofthe variables and .reglon, with 'respecttowhichthe
integrationis done, isachieved by the following
dxidx2dx3 = det[J]dridr2dr3 (3.46)
whichisvalid irrespective ofthe number of co-ordinates used.
Byusing the' lnverseof [J], the evaluation ofthe elementpropertieshas
beenreduced tothat offinding integrals ofthe form of Eq.(3.36).Bytrans-
formation,this can bewritten as
11 1,r e n - mE ij-1-1 [bik] ark ark det[J]dridr2dr3
(3.47)
-73-
Toperformintegration of theformindicated' inEq.(3.47),a Gaussianquadrature
schemeisused.In this techniqueapolynomial f(x)ofdegree 2n-1maybeinte-





nn= zz ZHH.H.f(ril',rg,r}) (3.48)m=1j=1
Table3.2shows the positionsandweighting coefficients forGaussianinte-
.gratlon.


























































Thehydrologic behavior.ofsoils istoalarge extentdetermined by how
the conductivity ofpartially saturated soilvarieswidelyas a func-
.tlon ofthevolumetric .molsturecontent and/orthe pressureheadwhich .IS alsoa
function ofthe volumetric .mo1sture contentasshown inFig.4.1.These proper-
.tles ofsoilsmust be known ifthe analysisoffinite elementmethodon flow
through porousmedia .IS to beappiied infield situations.
A
l $














Sincethere isno reliableway topredict thesevaluesfrommore fundamen-
tal soilproperties, these .propertles mustbemeasuredexperimentally. A number

































































































































Fig.4.2 Schematicpictureof vertical drainage
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Fig.4.4 Changesofwater contentat each elevationswithtime
Integration of Eq. (4.1)with respect toz yields:
ae dz=-V+C(t) (42)at .





whereV(z,t) is the velocityat positionz andzs is theelevationofsurface.
Thevelocity profiles areobtained by integrating graphicallywithrespectto
-82-
z-ae/etprofilecurves,and the resulting velocity profileSaregiveninFig.
















Fig.4.5 Instantaneous velocity profiles
Thefirstpartofthe method'isthe determinationofthepressurehead(tp)
profilewithtimeatseveral elevations .mthe colummasshowninFig.4.6.'
Sincethetotalpotential his equal to the negativepressurehead(V)(inthe-
caseofdrainage)andthe gravitational component z,thetotalpotentialprofiles
ateachtimemaybereadily plotted and are presentedinFig.4.7.Thesecurve
maythenbedifferentiated graphically ,to .glve thepositivepotentialgradient
(ahlaz)profilesasshown in Fig.4.8.
FromFig.4.5atid Fig.4.8, itis a relatively simplemattertodetermine
theinstantaneoushydraulic conductivity for any elevationandtimefromDarcy's
lawwhichalreadyhasbeen
.
.glven Eq.(2.18) in section2.2.
(v)
K= (-gl2}-)il, t (4.4)












































Fig.4.9 The water content-instantaneoushydraulicconductivity
relation showingtheeomputedvalues,
Thelaststepof the method istheplottingofthecurverelatingthe
valuesoftheinstantaneous hydrauliceonductivityandthewatercontent.This







































a fixedvalueofwatercontent andusedforsubsequentdeterminations ofwater
contentprovidedthesoil' densityremainsunchangedthereafter. Then,the method
has onemajorlimitationwhich .restrictsitsuseinmeasuringsoil watercontent .



































Thearrangement of the sourceand detectoris shownschematicallyin
source holder wasmadeoflead bricksarrangedinacube
about6.0cmona .Sl de. The sourcewas placedin the centerofoneoftheblock
facesinsuchaway that it was about2 cm fromthe face.
Thetotal thickness of thelead collimatorwas 5.0cm,andthecollimator
slitwas7.0cmhigh andO.6 cmwide.The detector wasinsertedinaleadannular
ringwiththefront ofthe probe flush againstthe rearofthecollimatorso
thatthecollirnation slit was centered on theface oftheprobe.Thus,with
minorexception, the probe detectsonly thosegammarayswhichpassdirectly
fromthesource through the sampleand collimation holetotheprobe.
y-source



















Fig.4.10 Schematic position ofthe gammabeam
(Schematic .representatlon ofthe gammasource holder,collimation
andprobe )
Asma11conveyor was placed ona vertical guide trackbetweenthesource
coi1imator .In suchawaythatthe conveyorcouldbemovedverti-
callythroughthe stationary gammabeam.Theguide trackmaintainedtheconvey-
orataconstant position with regardto thecollimator face.Duringarun,






















































































specificgravityof2. 65. The materia1 was carefully packedintotheacrylic
ractangularbox 7.0cmheigh, 10.0 cmwide, and 60.0cmlongwithaparticulardry
density(yd=1.50g/cm3) .uslng a tremie to prevent segregation andtampedfrequent-
lytoproduceat' ight packing. The modeof packingwas identicalinallexperiments.
Bothendsofcolumn were madeof fine screen through whichwatermovedintosoil.
A.Seriesl(Water applied on top of the co1umn )
Test1-1.Theair-dried co1ummof sand atan initial uniformwatercontent
(o.olcm31cm3)hadwater applied on toP ofthe surface bykeepingaheadof
water8.5cminheight' as shown in Fig.4.12. The quantity ofwaterenteringthe






















































B.Series2(Waterapplied from the base of thecolumm).
Test2-1.Theair-dried columnof sand at an initialuniformwatercontent
(o.Olcm3/cm3)hadwater appliedfrom the base of thecolumnbyaconstantheadof
water31.5cm.inheightas shownin Fig.4.15. So thelowerendofthecolumn
wasthenirnmersedundera freewater surface. The rateofinfiltrationwasre-
ducedtoslowerconstant ratesby meansof capillaries fedfromaconstanthead,
andthemoistureprofiles wereallowed to .attam theirequilibriumconditions.
















Fig.4.15 Setup for water applied fromthebase
Test2-2.Attheendof Test2-1 ,the initial watercontentdistributionin
thesoilcolumnwasobtained .The potential head wassuddenlyloweredtoahead
ofwater15.2cminheight atthe bottom. The pressureheadandvolumetricmois--
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Fig.4.16(b) Changeof pressure headwithtime at fivecolumn
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Fig.4.17 Changeofmoisture content with timeduringdrainage(Test1-3)
Volumetricmoisture content (e) cm31cm3


































































Table 4.2 Empirical equationsforthe relation ofhydraulicconductivity
of unsaturatedsoilto pressurehead .ormolsturecontent
Empirical .equatlon Reference
a 32)K= Gardner,W.R(-tp) m+b
K= Ko( a/tp)M Schleusener,R.A.
Scott,V`H.and
mcosh[(tplb)]--1 35)K= a[ ] King,L.G.cosh[(tp/b)M]+1
K= Ko exp(mtp)
K=






a,b and m:Emplrical parameters dependinguponthe liquid,
thesoil, andthe capillarypressurehistory of
thesystem.
Ko :Thehydraulic conductivityinsaturated state.
es :Volumetric moisture contentinsaturated state.
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o o .1 O.2O.3Vo1umetric rnoisture content(e) (cms /cms)
Fig.4.23 Relationships betweenvolurnetrtc. .molsturecontent
and pressure head
- 103-
(2) Theangleof contact ctisac functionof the direction ofthedisplace-
ment,ctmayc have differentvalues if equilibrium •IS approachedby
advancingor receding overaface .Fig.4.24 showsthis phenomenonfor
.analr-water interface
.












(a)Water wetting (b) Waterdrying
Fig.4.24 Contact angle betweena water-air interfaceand asolid
Point AinFig.4.23 .IS the critical capillary head th.Ifcc thedrainage
process isstartfrom a saturated samp1e, nowater will leavethe sampleuntil
thecritical capillary head .IS reached.As thevalue oftpiscc increased,the
initial smallreduction .In e is associated withthe retreatofthe 'alr-water




The soilporesareprobablysmallerat thesoilsurfacethanthey areinthein-
.terlor ofsoilmass.Thereisa"skin effect"duetothesmaller surfacesoil
pores .Whenthesurfacesoilporesare emptied,thewaterdeclines inthecapil-
laries foraconsiderabledistancedownward ,sincethesoilpores arelarger
beneath thesoilsurface.Thesoilwater tensionatthesoilsurface wouldvery
quickly increase.Theentryofairinto thesoilwouldoccurshortly afterthe
water tablereachedthebottomofthesoil column;assumingthatthe lengthof
the columnissuchthattheair-entry valueofthesoiiisexceeded .
rnsamemanneroftherelations (K--e),variousempirical equationsforthe











































H-HOcq=Kszf +zf . (4.5)
whereqistherateofthe infiltration intothesoil;Kisthehydrauliccon-s
ductivity(whichisauniform soil under pondingapproximatesthesaturated
conductivity);Hisconstanto depth of pondedwateratthesoilsurface;zfis
thedistancefromthesurface tothe .wetlng front(i.e.,thelengthofthewett-







Thismodelassumesthat theflow of wateroccursinauniformlysaturated
reg•iononaccountofa hydraulichead gradientcausedbyaconstantsoilwater
pressureheadatthewetting' front and gravity.Theadvancingwettingfrontis
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B. Pressure distribution at equi1ibrium condition
Inorder toperform the nonsteady numerica1 analysis offlow throughpor-
ous media,the distribution ofinitial pressure headtho inthe entire flowdomain
must beused astheinitial condition .Test2-1 was carriedout to obtainthis
distribution andinfiltration from thebaseof thecolumn occurred for 2days














o so 100 150 Time(min)
Fig.4.29 Advances ofcapillary zone
As thisphenomenon is analogous to risein capillarytube where the waterrises'
to acertain heightabove the free surfacewith afull saturated tube belowthe
meniscus,the nearly saturated zone abovethe freesurface iscalled thecapil-
lary fringe. Thishcc in Fig.4.29 isthecapillary rise forthis soil andits
-111-
valuebecameabout 25 cm.
Fig.4.30shows thechangeofmoisture distribution abovethefreesurface





Then,inthiszone the totalpotential(h)may be
















o O.1O.2 o .3Volumetricmoisturecontent(e) cm3!cm3
Fig.4.30 Distributionofwater content forstandardsand
duringinfiltrationfrom bottom (Test2-1)

























































































































































































































58)Childs ,E.C. :An Introductiontothe Physical Basis of Soil Water Phenomena,





































































































for a long periodoftime (about 24 hours) . Att=O,the waterlevelontheABCD
side was suddenlyraised to an elevation of 47cm,creating araiseof40cm,and
was maintained atthat elevation through the durationof theexperiment.
During thecourse of this .experlment ' lastingover 2hours,thepressure
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Fig.5.2Schematic figure of sand box (for three-demensionaiflow)
.
b. Drainage
At theendofthe infiltration experiment, thewater tableswerebroughtto
a height of the base of sand box, byletting thewaterlevelsonABCD





























(3)The experimentally observed relationsbetween volumetric .molsturecontent
andpressure head,for boththe dryingprocess and the .wettmg process,aswellL
asthosebetween relative conductivity(K)r and pressure headareshownin
Fig.5.3.
-50 1l 1
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o O.1O.2 o. 3
Volumetric moisture content (e)
Fig.5•3 Unsaturatedproperty of soil
Asnoted inChapter 2, thespecificmoisture capacity C(e)thatappearsin
Eq.(2.28)can becomputed from theslopeofthe moisture content-pressureheadcurve.




and"(e) were storedincomputer mernory as a seriesoflineseg-





































The .scannmg .curvels obtainedinsidethemainloopasitshouldbe,because
(e-ed
W
) .IS multipled byafactorsmallerthanunity.





As follows from Eq.(5.2) ,thescanningcurvesapproachthemainwettingcurve
during theprocess.





























Inall casesthe dependenceof e on th .IS expressed as asimplefunctionofe(ip)W
anded(tp)
.Eq.(5.1) givesthe .Prlmary drying .scannlng curvebywayofexamplethe




























e.i.e.(tp1 )eW(tp) ed(tp 1) ed (ip) eu
Vo1umetric .molsture content(e)
Fig.5.4 Hysteresis .m the volumetric moisturecontent
-pressure head and showing the methodofl!laulem
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Thesize oftheentireflowdomainandthe finiteelement mesh areshownin
Fig.5.5.This modeliscomposedof221nodalpoints,192elements . Theboundary
conditionswere imposedasfollows.InFig.5.5AH isanimpermeable boundaryand
CDEFisalsoan effectiveimpermeableboundaryin theabsenceof rainfalloreva-
porationbecause watercannotflowoutofthisdomain
.FGisa no-flow boundary
aslongastpÅqO butbecomesatconstantheadboundary (seepageface) ' allowing





























































































Theaimofthenumerical simulation wastousea distribution ofinitial
pressurehead"ointheentire flow domain.Intheexperiment sandwascarefully
packedintheboxwiththe bulkdensities Yd=1•5glcm3. Scatter ofthebulkden-
sitiesmaybeexist,for puruoseof numericalsimulation, however,thesandwas
assumedtobehomogeneous.According totheresultsofthe experimentinChapter
4,hydrostaticequilibrium wasinitially obtainedasindicated bytheprofilesof
pressureheadforinfiltration and drainageexpeVimentin Fig.5.8andFig.5.9,
respectively.Theseprefiles ofpressure headwereapplied to numericalanalysis-
esoftwo-dimensionaland three-dimensional flowmodelas initialconditions.In
Fig.5.8theinitialcondition was establishedbysetting the negativevalueofthe
pressurehead(tp)atthetop ofcapillary fringeequalto the elevationheadand
linearlyincreasingthehead tozeroat thefreesurface.
tp(cmofwater)
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Fig.5.9Initialdistribution ofpressurehead (e) for
drainageusedin thesimulation




computedpositionsofthefreesurface, e=O,atvarious times areshownincom-
parisonwiththeexperimentalresults ofinfiltrationin Fig.5.10.Intheclas-
sicalapproaehthefreesurfaceis treatedasamoving material boundary,whereas
inthepresentworkitismerelyan internalisobarwhich happenstoseparatethe
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Fig.5.11 Comparison ofnumerical andexperimentalresults
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The defferenceincurvatureofthe profiles at thetwo sectionsconsidered is
clearly evident.Inthisexperirnent, steady-state conditions were attained
after about120minutesandFig.5.18 gives computedandexperimental steady-
state resultsofthepositionof free-surface . Overall ' theagreement between
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5.4.3 Effects ofinitial conditionsandhysteresisofretening curve
Inorder toinvestigate thefurthervalidityandapplicability ofthe
finite e1ement analysisin thesaturated-unsaturatedflowproblem mainlyfor
two-dimension, numerica1 resultswerecomparedwiththeexperimental results
15)
obtained by AkaiandUno.Awatertankusedintheexperimentis 400cm long,
25cm wideand 50cmhighanditsfrontpanelwasmadebyathick glass.Sand,
whose average grainsizewas 1.5mnwaspackedinthewatertank and asandmodel
with porosity ofO.44was constructed.Thewaterpressuresin the sandmodel
were measured bypressure transducersatmanypoints.
Amongthemanyexperimental results,thefollowingfive cases arechose
for .comparlson withthefinite elementanalysis.

































thatthe change of the free surface bythe conventional methodis faster thanby
thenew method. This .IS because the effective 'poroslty nwase usedinthe
conventional method' .m which it .IS assumeddischargeof water withthe amount
ofne occurs instantaneously when the elevation offree surface wasdown.
However, .In reality, the water discharge occurs gradually andthe saturated
mediumtransfered to the unsaturated state Wit along time.In orderto take
16)
into account the delayed effect ' very complex methods havebeenproposed. The
saturated-unsaturated finite element method describedin this thesiscan treat
this compiex phenomenoneasily and can solve muchmorecomplicated problems.
Fig.5.27 is for the case 3
'and
an examp1eof hysteresis analysis. The
water retention curve was assumedas shown in Fig.5.28 andthe hysteresis loops
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-4'--- . .-t.' ,.'IDpervtous bottom
Fig.6.1 Partially penetratingwells in aconfined aquifer
(2)Theaquifer is also considered tobe horizontal and watersaturated
atalltimes.
(3)Theconductivities of mam. aquiferin the horizontal andvertical
directionshave d ifferent ,buteonstant values,k ,k,respectively.
r z
(4)Thewe!1is ofa vanishingly smallradius and dischargingatacons-
tantrate.
A.Basicequationand solution
Thedifferential equation that describesthe fluid movementisgivenby
ka2h+krar2r 1'r ah+ar kz
a2hah=s2sataz
(6.1)
whererandzare co-ordinates as showninFig.6.1, t istime, andSisthes
specificstorage.Then the hydraulic head,h(=Wz)' .Isnow afunctionofr,











































































The effectsof partial Jpenetrationonthedrawdownaroundapumpingwell
isshownin Figs.6.2a, 6 . 2band6.2c.Thevariationisforavicinityofwell
inanisotropic aquifer (k =k).Regardlessofthelocationofthewellsand






givenbythe Theis' formula .Inotherwords,thedrawdowninsuchawellisnot
affectedby partial penetration;itisthesameasthoughthepumpingwell
completely penetrated in theaquifer.Hantushhasalsodiscussedthewells
1)













































Fig.6.2c Drawdowncharacteristicsfor partially penetratingwell in confined
aquifer
Fig.6.3 compares thedrawdowns observed in twoequalydistance wells,one
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S=(klt*)(tlr*2)O •11.olo1.oxlo2' 1 . Oxlo3 l.Oxlo4sr Dimensionlesstime, tNr(6.28b)
Fig.6.4 g:versust;fromEq.(6.7)for each r*lb•
c.Jacob'sMethodAdjustedfor PartialPenetration
Duringthetimeperiodin whichtheultimatesemilogarthmic straight line
forms,thedrawdownisgiven, dependingonthewellobserved,by Eq.(6.19) or
Eq.(6.20).Becausethesecondterm ,oftheseequationsareconstant with .tlme,


























o. Ol O.1 l 1.5
r/b
Fig.6.5
The relationoffs versus r/b.
d.Modified Jacob'sMethodAdjustedfor Partial Penetration
This methodisanimprovedoneof"Jacob's. Method Adjusted for Partial
Penetration" todetermineanisotropie coefficients of permeability.
The proceduretodeterminetheformation constants isas follows.
(1) Horizontalpermeabilitycoefficient (k)r
Plotting drawdowndataobtainedineach observation wellon the common
semilogarithmic .paper,theultimatestraight lines are gottenfor relatively
large valuesoftime.Iftheconfinedaquifer .IS homogeneousthese1ines become
-176-











Extending these linesto thezero-drawdownaxis,onecanobtaintheirtime







wherect=Sk 12. 25k2.sz r











































































































































b.Jacob 'sMethod Adjusted forPartial Penetration
The samedata are analysised bythe Jacob'sMethod AdjustedforPartial
Penetration, the valuesof the slopefor eachobservation wellarenearlysame
asshown inFig.6.11, therefore thepermeabilitycan beobtainedfromtheslope















Fig.6.11 Semi--1og plotof drawdowndata forpartially penetratingwellsin
the confined aquifer (forQ=7• Oxl03cm3/sec ).
The compressibility factor canbe calculatedfrom thetime(t/r2)inter-
cepton the zero-drawdown .axls ,butfor theeffectof partialpenetration,
different values oftlr2 are
,obtainedfrom
.respectlve dataoftheobservation
well,as indicated inTable 6 .1.
Table6. 1( forQ=7. Oxl03cm3/sec)
r(m) 5eO 8.7 15.0 26.0
r/b O.10 O.17 O.30 O.52
Åí/b Oe5 O.5 O.5
z/b O.4 O.4 O.4 O.4
f 1.486 O.833 O.392 O.147
tlr2
(sec/cm5 2.3Å~10- 7 6.3Å~lod7 1.5Å~lo-6 1.5Å~lo-6
ss-
1.47Å~10.8 -82.03Å~10 -83.20Å~10 -82.51Å~10
ml
-183 -
rnterpolatingthepararneter 2!b,zlb ir!binEq.(6•21),'thevalues fs (rlb,
21b,zlb) areobtainedfor eachobservation wellbynumericalcalculation . Us-
.mg Eq.(6.30),thecompressibility factor canbecalculatedasindicated in
Table6. 1anditsaveragevalue is2.32Å~10-B-1cm.
In thesamefieldthe drawdowntestwasperformedusinganaveragerate of
Q-4. 33Å~lo3cm3!secforaperiod of30hours .Inthiscase,thepermeability can
















Fig.6.12 Semi-logplotof drawdowndataforpartiallypenetrating wells
aquifer(for Q"4.3Å~103cm3/sec).
The compressibilityfactor canbe calculatedasindicatedinTable 6.2,
itsaverage valueis1.97Å~10- iOcrn-i.This valueis,verysmallcomparedwiththe





r(mÅr 5.0 8.7 15.0 26.0
r/b O.10 O.17 O.30 O.52
2/b O.5 O.5 O.5 O.5
z/b O.4 O.4 O.4 O.4
f 1.486 O.833 O.392 O.147
t/r2 2.0Å~lo"9 5.0Å~lo--9 1.2Å~lo-8 3.0Å~lo-8
(sec/cm2)
ss(cm-1)
9•56Å~lo-ii i.24Å~lo-1O 1.92Å~lo-1O 3.76Å~lo-1O
c.ModifiedJacob's Method Adjustedfor Partial Penetration










Fig.6.13showsthe resultof pumpingdata plottedon thesemilogarithmicpaper.

























From these values theratios ( B.. )areIJ
B12=62/61 = 2.74
B,3=63/61 = 6.52
Znterpolating knownfactors (2/b ' zlb, r./b)i inEq.(6.l6),Fig.6.14canbe
prepared for each observation we11,and the graphofBijversuskzlkrcanbe
easily gotten as showninFig.6.15. Byusingvalues ofBi2,Bi3,theratio(a)
ofk tokzr ean bedetermined onFig.6.15 'i' e.a=k/k=O.105,thenthever-
zr





Deciding the ratio(a)ontheabscissainFig.6.14, thevalueoffrforeachsi



































Hca Bi3 e-e--e-e-- ' -----dt---
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ForthisreasonifthevalueSs obtained from srna11 .pumpmg rateisused
intheanalysisofthegroundexcavation, the larger result of theanalysis
mustbeobtainedcomparingwiththeactual drawdown.
Intheactualexcavationanalysis, .sometlmes this discrepancy hashappen-
ed.Forthiscauseintraditionalnotion ' ithas been considered thattheper-
meabilitycoefficientobtainedfrom drawdown testis larger than thatofthe
aquifer.Thereforethecompressibility factor has not been watched.However,
fromtheaboveevaluation,itbecomes clear that the drawdown intheactual
excavationissmallerthanthatofthe analysis.
Ontheotherhand,itcanbeconsidered that the permeability coefficient

































Thephysicalsituationisone•of three-dimensional flow with axial syrnmetry
asshowninFig.6.19.Thuscylindrical co-ordinates are the natural selection.















































































































































Drawdowncharacteristicsfor partially penetratingwell inan unconfined aquifer
.
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Fig.6.23 Relation of1'og4*versuslogt**fromEq. (6. 55)
observation well and anequivalent valueoft*t,forthecorresponding valueof
real time,t.The permeability canbecalculatedfromEq.(6.56)
k= g**QlcH (6 . 58)
andthe effective porosityfrom Eq.(6.57)
s=y kt!t**H
(6 .59)
b. Log-Log Distance DrawdownMethod
tt Log-Log Distance DrawdownMethod"isavariationof"Log-Log Method".,
The characteristics ofthe aquiferkr,kzandS ymaybeobtained bymatch-
ingthe measured drawdownsandthetheoreticalcurvefromEq.(6.55).

























































thisprojectusinganaveragerateofThe geological conditionof the field
7.0Å~103cm31secforaperiodof5hours.
Asafirsttrialinanalyzingthedrawdowndataof this drawdowntest ' H=
50mwasassumed,tria!curveswerecomparedwiththedrawdowndata .Trial curves
didnotgiveagoodmatch.
AsecondtrialcurvesofC**versust**was constructed on the .assumpt1on
thatH=10m.Trialcurvesagaindidnotfitthefield data.













Åí*, 2!,ztand eachr".Curvesarecomparedi withthedrawdowndataasshowninFig.

































Analysisofdrawdown testdata for partiallypenetrating
wellsinthe unconfined aquifer(isotropic)
r(m) 2. 55 5 .40 10.05
(cnn) 27 .5 l5.5 10.0
t(sec) 6. 2xlo3 2. 75Å~lo3 2.75Å~lo3
tt o e60 O.34 O.22
tkt 6 .oo 2.65 2.65,
k(sec) 7. 64Å~lo'-2 7. 68Å~1o-2 7.63Å~lo-2
s 3. 95xlo'2 3. 99xlo'2 3.96Å~lo-2
t/r2(seelcmZ)
Butthevariouseffective 10-3 IO-2 10'1
,



























levelinthesandylayeris Effective porosityfromJaeob 'sMethod
G•L.-11.47mandtheaquifer
r (m) 2. 555.40 10.05ofsandylayerisrevea!edan t1r2(sec1cm2 3. 9xlO'-"5.4xlO'g 7.2Å~10-"






theresultofwelllogs,the ,t 't tl







































The geological condition ofthe
asshowninFig.6.27. field
Thedrawdowntestwas







Onecaninterpolatetheseparemetersin Eq.(6.55) ' curves relatingg**
(=Ck.H/Q)versust**(tk.ISyH)at different value ofr*( -(r/H),!i;-7iE-)zr have
beencomputednumericallyonalogarithmic paper as shown inFig.6.28• The















































rÅqcrn) 300 900 2100
rt O.IO O.15 O.40
ctt Oe91 O.75 O.42
ttt 20 20 20
C(cm) 66 54 30.5
t(sec) 2.goxle3 2.90Å~lo3 2.9oxlo3
,
k(em/secr ) 1.92xlo-i 1.93xlo-i 1.92xlo'i
k(cm/secz ) l.15Å~lo-1 2.89xlo"2 3.74Å~1o'b2
s 7.18xloe3 1.81xloe3 2.34xlo'3
y
-
10eg loe3 10'2 ioritlr2(cm/sec)
o
or= 3i
20 Q=3.23xl03cm31see brs hoo










Semi-log plotofdrawdown datafor partiallypenetrating
wellsin the unconfined aquifer.
-206 -
Table 6.6
TheeffectiveporosityCanEffeetive porosety fromJacob's Method
becalculatedfromthetime(tlr2)
r(m) 3 9 21interceptonthezero-drawdown
tlr2
axis,butfortheeffectofpar-'(sec/cm2) 4.30Å~lo-8 4.3oxlo'8 1.00xlod6
'stialpenetration,differentval- 4.76Å~lo-5 4.76Å~lo-5 1.11Å~lo-3
ueaoftlr2areobtainedfromre--
spectivedataoftheobservationwell,asindicated inTable6 .6.This discrep-
ancyisverylarge.
E.Discussionofanalysisofdrawdowntestdata
InsectionCtwomethodsofanalyzingfield dataare givenandin .sectlon
Dtheexamplecalculationsforthemethodsare shown.
ComparingthesemethodswithTheis'and Jacob'smethods,asthese methods
canalsoevaluateananisotropyofth' epermeabilityandthe aquifer thickness


























































headboundary infiniteradius (R)as shownin Fig.6.30.Inthis section,the
solutionof unsteadyradial flowina confined aquiferwillfirst be derived,
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Fig.6.30Nonsteady radial flowtoa wellpenetrating
aconfined aquifer onanisland
A.Basic equationandsolution






wherectiss hydraulicdiffusivity of aquifer(=KIS drawdown inaqui-
fer(=H-h).




























-gl= Ko(qr)/p (6 .72)
-g2=Ko(qR) (6 .73)
-g3= lo(qr)lplo(qR) (6 .74)







=1- 2g3 Rn2ileXP(-ctsctn2t)xJo (rct)1ct3Jnn i(Rctn) (6.75c)
wherectaren theroots ofthecharacteristic equation
Jo(rctn)
=o (6 .76)













rf R becomesaninfiniteradialdistanceinEq.(6.77),theresultis thesame
of Theis 'solution.
In generalthevalueofpermeability(K)isK=1Å~10-2t.vlO'"3(cm/sec) and
the value ofspecificstorage(ss)isss=1Å~10-5•-vlo-6(cm-i),thenthe value
of the ratio(cts=K/Ss)becomesaboutors=102t'v104(cm2!sec).Therefore ,onthe
righthand sideofEq.(6.77),thethirdtermisassmallasnegligible compar-



















Eq.(6.80) .is thesolution ofthernodelshowninFig.6.30forsteady state flow.
B. Effects of constantheadatouterboundary
Eq.(6.78) isused toevaluate4*asafunctionoft*forvalues ofR* rang-
.mg from 1.5 to100, inwhich
C*= 4nKbC/Q (6. 81)
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6.3.3 Analyticalsolutionfor Zsland Modeldrawdowntestin an unconfinedaquifer
Insection 6.3.2,the analytical solutiononaconfined aquifer hasbeende--
rivedand examplecalculations glven.
!nthis section,consider an unconfinedaquiferoffinite lateral extent
thatrests onanimpermeablehorizontal layersuchasthatshown schematically
inFig.6.39. Awellcompletely .penetratmg theaquiferdischarges at aconstant
rateQ,and waterisreleased from storagebygravitydrainage atthe freesur-

















Fig.6.39 Nonsteady radial flowtoawellpenetrating a
unconfined aquifer onanisland
A.Basic equationandsolution
Withthe assumptionswhich are describedinsection6.3.1, the governing
partial differentialequation aregiven
--p 227'p
a2gi ac a2c+ +
ar2r ar o (oÅqzÅqq,oÅqrÅqR) (6.90)
Eq.(6.90)must besolved subj ectto following eonditions
C(r,z,O)=o
g(r,o)=H (head initiallyconstant) (6.91)
C(R,z,t)=O headatoutboundary) (6.92)
a4 (onthe no flowacrosslowerboundary) (6.93)
gaclimrdz
= 2TK (at thewell-bore) (6.94)
age4 sac= --Z-------narraz n Kat z -
g(r,t)=H- C(r ,g,t) (onthefree-surface
boundary) (6.95)
wheren,nrz isthecomponent ofunit outer nomalvectorinrdirection and
inzdirection respectively. Sisthey effectiveporosityorspecific yield.





mainsmuchsmallerthang. Here this technique leadstoafirstorder lineariz-
edapproximation ,obtained simplyby shifting theboundarycondition fromthe
freesurface tothehorizontal planez=H.











where ct=Klsyy (6 .102)
rnsolving theinitialboundary valueproblem posedby(6.97)-(6.101) ' itis
convenient todividegintotwo components
C=gi(r,t)+42(r ,z,t) (6 .103)
ALthough bothgiand42satisfy Eqs.(6.96)-(6 .99),thereisachange in bound-
aryconditions Eqs.(6.100)and (6.101),which nowtaketheform
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" e rs15.7(m)Analytical results
Rs30(n)
"v z=2(m)
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analysis and laboratoryexperimentalresults havebeenshownontheproblemof
flow through three-dimensionalsandmodel.In thissectiontheproblemof
groundwater controllingforfoundationexcavations willbeconsideredasmore
practical problemwhichissomeinteresttothe foundationengineer.Manytypes































.2.Designof a system capable of providingtherequiredground' water
loweringforthe length of time neededfor theconstructionthatis tobe
carriedoutbelow the natural groundwater level.
.
Toestimatethe probable inflow ratesto dewateredexcavationsandto provide
thegroundwater lowering seepage systems mustbeanalyzed.Allfluid systems
mustnecessarily extend .In three dimensions ,butinformermethods seepage
systemsanalyzed are predominately two-dimensionalflowwithassumption ofthe
















Inpractical .excavatlons thelength ofexcavationisfinite asshowninFig•
7.17.Thissystem has the effect ofsheet pilewallssothatthere isnoknown,
nonsteadyanalytical solution . Inthis sectionthenonsteadystate flowanaly-
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stabilized withdeep well system
(Artist ' s view of a deepwellsystem including
eutaway sketch of an deepwell.)
7.4.2Simulationofseepage through three-dimensional aquifer
Theproblemisasfollows :A 20 m sandy aquiferis under hydrostatic
equilibriumwithfluidpotential h everywhere equalto15m . Inthisaquiferan
deep and 60 m long)ismade. The problemisto
studythedrainagepattern imposed within the sandyaquifer duetotheexcava-
tion,thatis,duetoarapid 5 mdrawdownof groundwater table intheexcava-
tion.Aquarteroftheflow domain was indentifiedbya system offiniteele-
mentsasshowninFig.7.18. The mode1 is composedof288nodal points,and168
eightnodeelements.
Theboundaryconditions are illustrated inFig.7.19• Thefloorofthe




























































Fig.7.19 Transient flowtowardan excavation facefollowing
rapid drawdown
toformafixedpotential boundary,whilethewall of the excavationis .anlm-
permeableboundary(due to sheetpUewalls).The bed rockisalsoan' lmper-
meableboundary.Allthe otherboundariesofthe flow regionareassumed
constanthead.
Forthishypothetical problemFig.7.20was used as asetofeurves for
unsaturatedproperties ofthe soilinthesandy aquifer . Whenthisequal to
zerogKs=1.0Å~10-2cmlsecande advances intimeby meansof
afullyimplicitfinite differencescheme.Hysteresis wasnottakeninto ac-
count.
Thedrainage computations werecarriedoutfor a pe.riodof4days from
thestartofthedrainage processandtheresults of the computationsare sum-•





















of the surface th-o (watertable)arepresented in Figs.7.21, 7.22and 7.23 along
three cross sections, A-A',B-B'andC-C'.The topographic contours for appro-
ximately steady state (after4days)arealso shownin Fig.7.24.The compar-
isons of three dimensional andtwodimensional analytical resultsare shown for
steady state water tableinFigs.7.25a.through 7.25 c.. Along .sectlons A-A'
and B•--Bt there aregood agreementswith two--dimensional results.Along section
c-c'
' however, three-dimensinalresultdiffers significantly fromthe two-dimen-
sional result. This discrepancymaybedueto the effect three-dimensional
flow.
The rates of seepageintodewatered excavations was Q3-D=1•72m3lmin by
.usmg three-dimensional analysis,whilethe ratesof seepagewaSQ2.-D=1. 56m31
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Sheet pile 5 Sheetpile
o o
o 1520(m) o 20(m)Fig.7.25b( cross section B•-B') Fig.7.25c( crosssecttonC-C' )
Fig.7.25 Comparisons of three-dimensional andtwo-dimensional
numerical analysis results
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Q2-D"4Å~(a'qA-At+b•qB-B,)(7.1)
whereaandbarethelengthshowninFig.7.24sandqA-A,andqB-B,aretherate
ofinflowalongcrosssectionA-A'andB-B'srespectively.Fromthisresultthe
estimatedvalueofQ2-DissmallerthanthatofQ3-D.Thisdiscrepancymaybe
duetothedifferenceintheprofileofwatertablealongcrosssectionC-C'.
Asitwassaidearlier,three-dimensinalanalysesareusedonlyinthose
easesforwhichtwo-dimensionalmodelsaregrosslyinappropriate.Itisthere-•
foreofinteresttoknowthecorrespondingadditionalcost.Thetwo-dimensional
equivalentofthismodelalongcrosssectionA-A'has28nodes.Thesimulation
in34timestepsof4daysofdrainagerequired10.2secofcomputertimeonthe
ACOS-700and10Kofcorestorage.Ashcomparison;.thesimilarthree-dimension-
alanalysesperformedwiththismodelrequired60.5minofcomputertimeand
45Kofcorestorage.Tosummarizetheresultsofthissection,itwouldappear
thetwo-dimensionalanalysisusedsofrequentiyforanalyzingexcavationseepage
problembecauseitallowsthevariationofflowinthethirddimension.Itis
evidentthatthethree-dimensionalanalysisisaccurateenoughtoevaluatethe
behaviorofthegroundwaterinthecomplexsoilmediaqualitativelyandquanti-
tatively.However,thecomputerprogram,limitedtothecorestorageofthe
availablecomputerfacility,isintendedonlytosolvethesimpleillustrative
problems.Withincreasedeapacity,itwouldbepossibletohandleproblemsof
.
complexgeometryandarbitraryboundaryconditions.Itisconcludedthatthree-
dimensionalanalysisis'anexpensivebutvalidalternative.
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7.5 Conclusions
Inthischaptersomeattemptshavebeenmadetoapplythetwo-andthree-
dimensionalfiniteelementanalysisofseepagetothefieldproblem.These
examplesclearlydemonstratetheflexiblilityofthisfiniteelementapproach
and itscapabilityintreatingcomplexsituationswhichareoftenencounteredin
the field.Considerationofanisotropyisclearlywarrantedinseepageanaly-
.SIS. Sincetheeffectsofsaturatedanisotropyhavebeenwidelystudiedinthe
21)
seepage field,anyanisotropicexampleshavenotbeenincludedinthischapter.
Throughoutofthischapter,thefollowingconclusionaareobtained.
(1) Theresultsofsimulatingtheflowpatterninaninhomogeneousembanknent'
levelhavebeenshown.
(2) Therearegoodqualitativeagreementsbetweenthenumericalresultsand
theinformationsreceived.
(3) Forthree-dimensionalflowexamplemodel,theseepageintodewateredex-
cavationshasbeenshown.
(4) Thethree-dimensionalanalysisisaccurateenoughtoevaluatethebehavior
ofgroundwateranditisastepforwardfromthetwo-dimensionalanalysis.
However,byusingthethree-dimensionalanalysisitaccentuateseomputer
limitationsbyreducingthemaximumsizeofproblemthatcanbesimulated
onanygivencomputerinstallationandincreasingthecomputertimere-
quiredtosolveit.
(5) Thetwo-andthree-dimensionalsaturated-unsaturatedfiniteelementmethod
wasfoundtobeveryeffectivetodetecttherealisticchangeoftheflow
pattern.
(6) Finallyrnainproblernstousethesaturated-unsaturatedfiniteelement
procedurearetoobtainthematerialpropertiesofsoils,especiallythe
waterretentioncurveintheunsaturatedzone.Andsothereisaneddto
determineonasystematiebasisthespectrumofproblemsforwhichcon--
siderationoftheunsaturatedflowdomainretainsengineeringimportance.
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CHAPTER8
CONCLUSIONS
Thepurposesofthisthesiswereprimarilytoresearchonbehaviorof
groundwaterflowinthesaturated-unsaturatedzone2topresentthefundamentals
ofthetheoryofgroundwaterflow,andtodevelopthemosteffectivemethodsfor
solvinggroundwaterflowproblemsoccuringÅ}ncivilengineeringpractice.
Namely,themainobjectivesofthisthesiswereasfollows.
(1)Toevaluateanddiscussthegoverningequationofflowinthesaturated-
unsaturatedporousmedia.
(2)Todevelopthemathematicalmodelwhichprovidesafiniteelementsolution
totwo-orthree-dimensionalproblemsinvolvingtransientflowinthesaturated
andunsaturateddomainsofnonhomogeneous,anisotropicporousmedia.
(3)Toproposebettermethodsfordetermtningorestimatinghydraulicproperties
ofporousmediainthelaboratoryandinthefield.
(4)Toshowtheapplicationsofthedevelopedmodelandmethodstopractical
groundwaterflowproblems.
Inthischapter,themainconclusionswhicharebasedontheinformation
presentedinthepreviouschaptersaresummarizedandtheneedforfuturere--
searchin;variousareasispointedout.
8.1Conelusions
!nChapter1,theobjectiveandgeneralscopeofthisinvestigationwere
noted,andthehistoriesofpreviousstudiesondrawdowntestandonnumerical
analyseswerereviewed.
-281-
InChapter2,thephysicsofthesaturated-unsaturatedgroundwatermotion
wasdiscussed.Thegoverningequationofsaturated--unsaturatedflowinporous
mediawasderivedfromthelawofmassconservationandtheDarcy'slaw.The
governingequationwascomparedwiththeKlute'sdiffusionequationwhichhas
beenwidelyusedintheanalysisofflowinunsaturatedregion.Asaresult,
itisconcludedthatthegoverningequationhastheadvantagethatcanbeap--
pliedforthewholeflowregion,includingsaturatedandunsaturatedflow.
Typicalboundaryandinitialconditionswereenumerated.
:nChapter3,thegoverningequationderivedinChapter2wasformulated
intothefiniteelementdiscretizationswhichareevolvedintothestudyof
eithertwo-dimensionalorthree-dimensionalorradiallysymetricmodels.
Thesemodelscantakeintoaccounttheeffectsofhysteresisinthevolumetric
moisturecontent-pressureheadinunsaturatedregion.Inconjunctionwiththe
finiteelementdiscretizationweightedresidualprocedures,particularlythe
Galerkinmethodwasused.Basedonthistheory,twofiniteelementgroundwater
flowprogramshavebeendeveloped.Thefirstprogramiscapableofso!ving
nonlineargroundwaterflowproblemsinbothtwo-dimensionedandaxisymmetricre-
'gionbyusingtriangleelement.Thesecondprogramiscapableofsolvingnon-
lineargroundwaterflowproblemsinthree-dimensionalregionwithisoparametric
element.Fortimeintegration,thetime-centeredschemeandthefullyimplicit
backwarddifferenceschemehavebeenincorporatedintoprograms.Bothschemes
canbeusedwithequilibriuminterationwithineachtimestep.Withoutlossof
solutionaccuracy,dependingonthenonlinearities,theequilibriumiteration
rnayallowtodispensewiththecalculationofaneweffectiveconductivitymatrix
ineachtimestepandinthiswayimprovesolutionefficiency.
InChapter4,theneedfordeterminingthehydraulicpropertiesofsoil
profileswaspointedoutandavailablemethodsarereviewed.Anapparatuswas
constructedandtestproceduresweredevelopedtomeasurethepressureheadand
-282-
volumetricmoisturecontentbyusingpressuretransducerandlaw-energy•gamma
rayattenuationrespectively.Experimentaltestshavebeenperformedtodeter-
minetherelationshipsbetweenvolumetricmoisturecontent(e)andhydraulic
conductivity(K),andbetweenpressurehead(ip)andvolumetriemoisturecontent
(e).Thedistributionofpressureheadandmoisturecontentabovethefree
surfacewasobtainedattheequilibriumconditioninordertoappliedthis
distributiontothenumericalanalysisofdrainageandinfiltrationinsoilas
aninitialcondition.
InChapter5,thevalidityandtheaccuracyofthetwo-orthree-dimen-
sionalfiniteelementapproachwhichhasbeendescribedinChapter3havebeen
investigatedwithcomparingthenumericalresultswiththeexperimentaldata.
TherelationshipsK-eandW-ewhichwereobtainedinChapter4wereusedasin-
putdata.Theresultswerethatthegoodagreementsbetweencomputedand
measuredpressureheadprofileshavebeenobrained.Itshouldberemarkedthe
saturated-unsaturatedfiniteelementanalysistotwo-orthree-dimensionalmodel
isverypowerfulfortheanalysisoftransientflowthroughporousmedia.
Inordertoapplythenumericalmethodtopracticalgroundwaterflow
probleminthefield,thehydraulicpropertiesmustbeestimated.rnChapter6,
newmethodsofanalyzingdrawdowntestsweredevelopedandillustratedwithsome
examplestodeterminehydraulicpropertiesofaquifer.Firstly,analysisof
drawdowntestdataforpartiallypenetratingwellinaconfinedoranunconfined
aquiferhavebeenshowntodetermineanisotropichydraulicconductibitiesand
storagecoefficient.Secondly,toanalyzedrawdowntestdataobtainedinthe
muchgroundwatersuppliedaquifer,aconceptionof"rslandModel"hasbeenap'-
pliedinunsteadystateflowandtheoreticalsolutionsinaeonfinedoran•un-
Confinedaquiferweredeveloped.Byusingthesesolutions,newmethodsofana-
lyzingdrawdowntestweregiven.
rnChapter7,havinglookedintothereasonabienessandvalidityofthis
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finiteelementmodelinChapter5,thepossibieapplicationsofthismodelwas
finallydescribed.Theapplicationsofmodelstofieldsituationweretheflows
throughsandbankatfloodwaterlevelsandtheflowthroughaquiferduetoan
excavation.Theseexampleanalysisclearlydernonstratedtheflexibilityofthis
finiteelementapproachanditscapabilityintreatingcomplexsituationswhich
areoftenencounteredinthefield.
8.2RecommendationsforFutureResearch
Theconsiderableeffort,testproceduresandnumericalanalysisdeveloped
duringthisinvestigationhavebeenquitesuccessfulinevaluatingthebehavior
ofgroundwaterflowquantitatively.Aconsiderableamountofadditionalresearch
willbenecessaryasfollows:
(1)Thetheoreticaiconceptsoffluidflowinporousmediahavebeenestablished
andbasictheoryforgeneratingapproximatesolutionstononlinearproblems
developed.However,thecomputerprogram,limitedtothecorestorageofthe
availablecomputerfacility,wasintendedonlytosolvethesimpleillustrative
problemsespeciallyinthree-dimensionalflow.Withincreasedcapacity,it
wouldbepossibletohandleproblemsofeomplexgeometryandarbitaryboundary
conditions.Howeveritisnecessarytoresearehhowtoredueetheeore.
(2)AgreatdealmoreresearchisrequiredfordeterminingorestimatinghydroL
geologicpropertiesoftheaquifersandaquitardsfromgeologic,geophysical,
andhydraulicevidence,namely,indeterminingstoragecapacity,including
improvementofdirectfieldmethodsformeasuringmoisturecontent,porosity,
andnegative' pressurehead,andalsorelatinglaboratoryresultstofielddata
andapplyingthemtofieldconditions.
(3)Withregardtofutureresearch,importantdevelopmentisneededinanalyzing
multiphaseflow.Themathematicaldevelopmentinthisinvestigationisbased
ontheusualassumptionthattheairphaseiscontinuousandalwaysineonnection
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.withconstantexternalatmosphericpressure.Thisassumptionisnotrestric-
tive,buttherearesomecriticalonesthatlimitthesphereofapplication.
Inparticu!ar,onrewettingadrainedordrainingprofile,theporeairentrap-
pedbetweenthedescendingwettingfrintandthelowersaturatedzonewill
increaseinpressure,therebycausingfurtherdrainage.Thenextstepinthe
programisthereforethestudyofverticaldrainageunderthecombinedeffect
ofbothgravityandincreasedpore-airpressure.Andalsoitisnecessaryto
extendthisnumericalmethodtoprinciplesofmultiphaseflowanddiffusion,
includingcontiguoussaltwaterandfreshwateroroilandfreshwaterunder
naturalconditions.
(4)Finally,itmustbeemphasizedforfutureresearchtoconsideraninteraction
betweenthedisciplinesofsoilmechanics,soilphysicsandhydrogeology.
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